Analysis of the N-ethyl-N-nitrosourea (ENU)-induced repro42 mutation previously identified spermatogenesis associated 22 (Spata22) as a gene required for meiotic progression and fertility in both male and female mice, but its specific contribution to the process was unclear. Here, we report on a novel, null allele of Spata22 (Spata22
INTRODUCTION
In many species, meiosis is a defining event of gametogenesis. This specialized type of cell division ensures accurate chromosome segregation and genetic diversity; failure to execute meiosis accurately can result in infertility and/or aneuploidy. Meiotic arrest is often observed in human patients with idiopathic infertility (Matzuk & Lamb, 2008) . Our understanding of male-and female-factor infertility could therefore benefit from deciphering the genetic program needed for proper completion of meiosis.
Following DNA replication, meiosis involves two successive rounds of chromosome segregation resulting in separation of homologous chromosomes and then sister chromatids during meiosis I (MI) and meiosis II (MII), respectively. Accurate chromosome segregation requires three highly coordinated events during prophase of meiosis I: homologous chromosome pairing, synapsis, and recombination. In fungi, mammals, and plants, these events are intrinsically linked and sterility is commonly observed when any of these processes are disrupted (Cohen et al., 2006; Handel & Schimenti, 2010; Zickler & Kleckner, 2015) . The synaptonemal complex (SC) plays an integral role in synchronizing these events. The SC is a tripartite proteinaceous scaffold consisting of two lateral elements (LE) and a central element (CE) (Costa & Cooke, 2007; Yang & Wang, 2009; Fraune et al., 2012) . A number of proteins required for SC assembly have been identified and gene inactivation studies conducted in mice have revealed their unique requirement for fertility. Interestingly, sexual dimorphism in timing and execution of meiotic events has been observed in many species, most notably in mammals. In the male mouse, meiotic prophase first begins around postnatal day 8 and spermatogenesis proceeds continuously throughout the lifespan of the individual (Bellve et al., 1977; Griswold, 2016) . In the female mouse, cells enter meiosis in the fetal ovary around embryonic day 13.5 but completion of prophase I is halted prior to birth; meiosis remains arrested until hormonal stimulation triggers resumption of the first meiotic division in a small cohort of oocytes (Pepling, 2006) . Differences in gene-specific requirements, recombination rates, crossover placement, and frequency of aneuploidy have been noted between sexes, suggesting mechanistic variations in execution and control of meiotic events (Hunt & Hassold, 2002; Morelli & Cohen, 2005) .
In mammals, meiotic recombination is initiated following epigenetic marking of recombination sites by the histone methyltransferase PRDM9 (Prdm9, PR domain containing 9) (Baudat et al., 2010; Parvanov et al., 2010) and subsequent induction of DNA double strand breaks (DSBs) by the endonuclease SPO11 (Spo11, SPO11 meiotic protein covalently bound to DSB) (Keeney et al., 1997; Lam & Keeney, 2015) . Processing of DSBs leads to resection of their 5 0 ends, yielding 3 0 -single-stranded DNA (ssDNA) overhangs; these are coated by RPA (replication protein A) to protect them against degradation and formation of secondary structures (Baudat et al., 2013; Ribeiro et al., 2016) . The strand exchange proteins RAD51 (Rad51, RAD51 homolog) and DMC1 (Dmc1, DMC1 dosage suppressor of mck1 homolog, meiosis-specific homologous recombination) mediate invasion of the 3 0 ssDNA overhang into the duplex of the homologous chromosome, resulting in displacement of one strand of the homolog, D-loop formation, and elongation of the invading 3 0 end (Baudat et al., 2013) . The fate of the recombination intermediate then depends on how it is processed. If the D-loop extending toward the second end captures the other 3 0 -ssDNA overhang and a double Holliday junction is formed, a crossover (CO) is established. Alternatively, if the elongated invading strand reanneals with the 3 0 -ssDNA overhang that was not involved in strand invasion from the same chromatid (singleend strand invasion), it results in a non-crossover (NCO) (Baudat et al., 2013) . Much of our understanding of meiotic recombination in mammals comes from the study of model organisms such as yeast. However, certain critical factors in yeast are dispensable in mice and many genes required for meiotic recombination in mammals do not have orthologs in yeast, suggesting some evolutionary divergence in the execution of meiotic recombination (Keeney et al., 2014; Hunter, 2015; Lam & Keeney, 2015) . We recently characterized the ENU-induced mutation repro42 and identified spermatogenesis associated 22 (Spata22) as a vertebrate-specific gene required for meiotic progress and fertility in mice (La Salle et al., 2012) . We showed that expression of Spata22 is predominantly restricted to germ cells of both sexes, and that the SPATA22 protein is absent in repro42-mutant gonads. repro42-mutant mice and Spata22-deficient rats display severe gonadal hypoplasia caused by arrest during prophase I of meiosis (La Salle et al., 2012; Ishishita et al., 2013) . Progression through meiosis is halted because of aberrant SC formation, chromosome asynapsis, and impaired DSB repair. In the rat, SPATA22 appears to be required for maintenance of RAD51 at recombination nodules, the sites of DSB repair (Ishishita et al., 2014) . SPATA22 was also recently shown to be part of a complex that localizes to recombination intermediates and contains MEIOB (Meiob, meiosis specific with OB domains), another novel meiosis-specific protein, as well as RPA (Rpa, replication protein A) (Luo et al., 2013) . Meiob-null mice exhibit a phenotype of meiotic arrest and sterility nearly identical to repro42-mutant males and females (La Salle et al., 2012; Luo et al., 2013; Souquet et al., 2013) . Remarkably, localization and stability of MEIOB and SPATA22 seem to be interdependent (Luo et al., 2013) . Although MEIOB appears to participate in second end capture via its ability to bind ssDNA and its 3 0 -5 0 exonuclease activity, the exact contribution of SPATA22 to meiosis remains to be elucidated. Here, we confirm the essential function of Spata22 during meiosis and its requirement for fertility using a novel mouse allele. We uncover sex-specific differences in the distribution of SPATA22 in oocytes and spermatocytes and reveal the dynamics of SPATA22 localization at recombination intermediates. Finally, our analysis of Spata22-deficient oocytes and spermatocytes indicates that SPATA22 is essential for localization of one of its interacting partners, MEIOB, in addition to being required for DNA repair and synapsis.
MATERIALS AND METHODS

Mice
All mice used in this study were maintained under standard conditions by the investigators at Midwestern University (MWU; Downers Grove, IL, USA) in accordance with the National Institutes of Health and U.S. Department of Agriculture standards; all procedures conducted were approved by the MWU Institutional Animal Care and Use Committee (IACUC). For timed pregnancies, the day a vaginal plug was found was designated as 0.5 day postcoitum (dpc), while the day of birth was designated as 0 day postpartum (dpp). All mice used for experiments were genotyped by PCR amplification of genomic DNA extracted from tail tissue.
Two mutations for Spata22 were used in this study. The first one was the previously described repro42 mutation induced in a C57BL6/J (B6) background (La Salle et al., 2012) . For this study, a congenic line on C3H (N10) was established; all Spata22 repro42 offspring and control wild-type littermates used for biological analyses were from the congenic line. The second mutation was the knockout-first allele Spata22 tm1a(KOMP)Wtsi obtained from the Knockout Mouse Project (KOMP) Repository (UC Davis, Davis, CA, USA) (Skarnes et al., 2011) ; details on the allele can be found at http://www.mousephenotype.org/data/alleles/MGI:2685728/ tm1a(KOMP)Wtsi. Chimeras were generated by microinjection of a C57BL/6N-derived JM8.N4 ES cell line carrying the Spata22 tm1a(KOMP)Wtsi allele, herein referred to as the Spata22 used to identify the repro42 mutation were uninformative because both lines were maintained on the B6 background, PCR amplification of the area containing the mutation followed by comparative restriction digestion of the amplicon were utilized to identify the repro42 allele (see Table S1 for primer sequences). The repro42 mutation changes an Ags I restriction enzyme site to an Ase I site; genomic DNA was therefore digested with both Ags I (SibEnzyme, West Roxbury, MA) and Ase I (New England Biolabs, Ipswich, MA) according to the manufacturers' instructions. Single-and double-heterozygous males and females (minimum n = 3 per genotype, per sex) were mated with control B6 mice of proven fertility for a period of 5 months. The number of litters and offspring produced were recorded. Body weights and paired testis weights were recorded upon completion of the study, and testes and ovaries were collected for histological analysis as described below. The reproductive phenotype of wildtype, heterozygous, and homozygous Spata22 Gt as well as repro42 congenic adult males and females was also assessed as described above (minimum n = 4 per genotype, per sex).
Histological analysis
Testes and ovaries were fixed by immersion in Bouin's fixative (Sigma, St. Louis, MO, USA) for 2-5 h for pre-pubertal testes and adult ovaries, or overnight for adult testes; fixed tissues were dehydrated and paraffin-embedded. Sections (7-lm thick) were cut, mounted on glass slides, deparaffinized with xylene, stained with Periodic acid-Schiff (PAS) or eosin and counterstained with hematoxylin following standard procedures. A Leica DM5500B upright microscope was used to visualize the slides, and images were acquired using a Leica DFC450 C camera and LAS version 4.5.0 software (Leica Microsystems, Buffalo Grove, IL, USA). A minimum of n = 3 biological replicates were analyzed per developmental time point, genotype, and sex.
Preparation of enriched male germ cell populations
Mixed germ cell preparations were obtained from 15 dpp and 18 dpp wild-type and homozygous mutant testes as previously described (La Salle et al., 2008) . Briefly, detunicated testes were digested in 0.5 mg/mL collagenase (Sigma) and then 0.5 mg/mL trypsin (Sigma) supplemented with DNaseI (USB, Cleveland, OH, USA) in Krebs-Ringer bicarbonate (KRB) media; germ cells were subsequently released by pipetting. Single-cell suspensions were filtered through 80-lm Nitex mesh (Sefar America, Depew, NY, USA) and washed three times in KRB. After the final wash, cells were counted and resuspended in KRB media prior to being processed in subsequent applications.
Surface-spread chromatin and indirect immunofluorescence microscopy
Enriched male germ cells obtained as described above were used in the preparation of spermatocyte spread chromatin as previously described (La Salle et al., 2008) with the following modification: a series of spreads was prepared with solutions at pH 7.4 to allow for analysis of MLH1 distribution. Oocyte spread chromatin was also prepared as previously described once timed pregnancies were established between B6 mice or Spata22
Gt/+ females and males (La Salle et al., 2012) ; fetal ovaries were collected from 14.5, 15.5, and 17.5 dpc female fetuses. All slides were stored at À20°C before being processed for immunofluorescence labeling.
Solutions used for immunolabeling of surface-spread chromatin were prepared in phosphate-buffered saline (PBS) pH 7.4 and procedures were carried out at room temperature as previously described (La Salle et al., 2008) . Slides were blocked for one hour in ADB and then incubated with the appropriate primary antibodies (see Table S2 for a list of primary antibodies) diluted in ADB. At least one well per slide received only ADB to serve as a negative control for primary antibody specificity. For double immunolabeling, primary antibodies were incubated concomitantly overnight and slides were incubated with a 1 : 1500 dilution of the appropriate secondary antibodies conjugated to AlexaFluor 488 or 594 (Molecular Probes/ThermoFisher Scientific, Grand Island, NY, USA) in a humidified dark chamber. For triple immunolabeling, individual primary and corresponding secondary antibodies were incubated successively; in addition to the antibodies listed above, a 1:1500 dilution of secondary antibody conjugated to Dylight 650 (ThermoFisher Scientific) was also used. Slides were mounted with SlowFade Gold Antifade Mountant containing DAPI (Molecular Probes/ ThermoFisher Scientific) and imaged using a Leica DM5500B upright microscope equipped with a 63X/1.4 NA oil immersion objective; fluorescence images were captured using a Leica DCF365 FX camera with the LAS AF software (Leica Microsystems). All immunolabeling experiments were conducted three times for spermatocytes (n = 3 per genotype), and twice for oocytes (minimal n = 2 per genotype). For determination of SPATA22 distribution at each substage of prophase I in both spermatocytes and oocytes, only foci associated with developing axial/lateral elements or fully developed SCs (as identified by the localization pattern of SYCP3) were included in the analysis. The number of foci in each nucleus was counted by three individuals; triplicate counts varied by <12% (equivalent to AE 16 foci) and were averaged; nuclei were then staged by two individuals to ensure accuracy of staging. Total SPATA22 foci counts at each substage are presented as mean AE SD; the number of nuclei counted at each substage can be found in Table 1 .
RNA extraction and RT-PCR
Total RNA was extracted from snap-frozen whole testes collected from 15 dpp wild-type, heterozygous, and homozygous mutant males using the RNeasy extraction kit with DNaseI treatment as described by the manufacturer (Qiagen, Valencia, CA, USA). Primers were designed to span introns and were used in one-step RT-PCR reactions (OneStep RT-PCR kit, Qiagen) (see Table S1 for a list of primers, amplicon length, and annealing temperatures). Reactions were performed using 10 ng (for Actb) or 50 ng (for meiotic genes except Mlh1 which required 100 ng) of RNA according to the manufacturer's instruction with the following modifications: denaturation for 30 sec, annealing for 30 sec, and extension for 60 sec for a total of 28 cycles, followed by a final extension step of 10 min. Individual PCR products were then mixed with Actb PCR products in a 1 : 1 ratio with the exception of Dmc1 (similar amplicon size). Products were separated by electrophoresis following standard procedures and images were acquired using the Bio-Rad Chemiluminescence MP imaging station (Bio-Rad, Hercules, CA, USA). Densitometry analyses were conducted in triplicate (n = 3 biological replicates) using the IMAGE LAB 4.1 BUILD 16 software (Bio-Rad); expression of individual meiotic genes was normalized to that of Actb across genotypes to determine expression ratios relative to wildtype littermate controls.
Protein extraction and immunoblotting
Protein lysates were prepared from freshly isolated whole testes collected from 15 dpp wild-type, heterozygous, homozygous mutant, and B6 males using RIPA buffer (Pierce/ThermoFisher Scientific, Grand Island, NY, USA) supplemented with a protease inhibitor cocktail (Pierce/ThermoFisher Scientific) according to the manufacturer's recommendations. Protein concentration was determined using the BCA protein assay following the manufacturer's instructions (Pierce/ThermoFisher Scientific). Total protein in reducing sample buffer (15 lg per lane) was fractionated by SDS-polyacrylamide gel electrophoresis and either stained with GelCode (Pierce/ThermoFisher Scientific) to assess loading or transferred to Immobilon-P PVDF membranes (Millipore, Billerica, MA, USA). Membranes were blocked overnight at 4°C in 5% non-fat dried milk diluted in PBS with 0.1% Tween 20 (PBST), and incubated with the appropriate primary antibody diluted in blocking buffer for 1 h at room temperature (see Table S2 for a list of primary antibodies). Membranes were washed with PBST, followed by incubation with a 1 : 25,000-1 : 35,000 dilution of the appropriate anti-species IgG-HRP (horseradish peroxidase)-conjugated secondary antibody (Invitrogen/ThermoFisher Scientific). Membranes were washed with PBST and then exposed to the SuperSignal West Femto Western Blotting detection solution according to the manufacturer's instructions (Pierce/ThermoFisher Scientific). Chemiluminescence was revealed using a Bio-Rad Chemiluminescence MP imaging station. To confirm loading of equal amounts of proteins on gel, gels electrophoresed under identical conditions were stained with GelCode Blue Stain Reagent (Pierce/ThermoFisher Scientific). Individual membranes were also stripped and re-probed with an antibody against GAPDH (see Table S2 ) as described above and exposed to the Western Lightning ECL Pro kit (Perkin Elmer, Waltham, MA, USA). Densitometry analyses were conducted in triplicate (n = 3 biological replicates) using the IMAGE LAB 4.1 BUILD 16 software (Bio-Rad); protein expression was normalized to that of GAPDH across genotypes to determine expression ratios relative to wild-type littermate controls.
Statistical analysis
Statistical analysis was performed using GRAPHPAD PRISM version 6.05 (GraphPad Software, Inc. La Jolla, CA, USA). A paired Student t-test was used to assess differences in testis and body weights between wild-type and mutant animals, an unpaired Student t-test was used when relative expression differences were considered across genotypes, a one-way ANOVA was used to evaluate differences in foci numbers at different stages of prophase I in spermatocytes or oocytes, and a two-way ANOVA was used to compare foci counts between oocytes and spermatocytes. Data are presented as mean AE standard deviation (SD). A p < 0.05 was considered significant.
RESULTS
Spata22 is essential for male and female fertility
We used a novel targeted mutation allele, the Spata22 Gt allele, to further assess the requirement for Spata22 during germ cell development (Fig. 1A) . Immunoblotting analysis confirmed the absence of SPATA22 protein in homozygous mutant testes, indicating that the Spata22 Gt mutation produces a null allele (Fig. 1B) . Initial phenotypic analysis of Spata22 Gt/Gt males and females revealed no perceptible gross phenotypic differences. Nonetheless, as we previously observed with repro42 mutant mice (La Salle et al., 2012) , Spata22 Gt/Gt males and females were sterile despite presenting normal mating behavior (Table S3 ).
The average paired testis weights of adult mutant males was 24.6% of wild-type littermate controls ( Fig. 1C and Table S4 ). Spata22 Gt/Gt females also presented with smaller ovaries when compared to wild-type littermate females (Fig. 1D ). Histological evaluation of Spata22 Gt/Gt seminiferous tubules revealed absence of spermatids and spermatozoa, as well as some types of spermatocytes (Fig. 1E) . Similarly, while all stages of follicular development were observed in adult wild-type ovaries, Spata22
Gt/Gt ovaries lacked oocytes and contained degenerated follicles (Fig. 1F) . We next performed a histological examination of the first wave of spermatogenesis to define when spermatogenic defects first became apparent in Spata22 Gt/Gt males. As we had previously observed in repro42-mutant males, there were no obvious differences in testis cellular composition or morphology between wild-type and mutant littermates at 10 dpp ( Fig. 2A ; La Salle et al., 2012) . Differences in cellular composition became apparent by 12 dpp in mutant males, and these were even more prominent by 15 dpp (Fig. 2B and data not shown). Pachytene spermatocytes were absent in Spata22 Gt/Gt seminiferous tubules and numerous cells with highly condensed nuclei (heteropycnotic nuclei) were visible. Seminiferous tubules showing cellular depletion typical of stage IV arrest were also observed in mutant testis sections. Absence of spermatocytes beyond the zygotene stage as well as post-meiotic germ cells was confirmed in 21 dpp Spata22 Gt/Gt testis sections (data not shown). This phenotype of germ cell depletion observed in Spata22 Gt/Gt mice was identical to the one previously observed in repro42-mutant mice, suggesting meiotic arrest in this mutant mouse line as well (La Salle et al., 2012) . As the Spata22 Gt allele is the result of a targeted mutation in the Spata22 gene, we used it in a complementation test to genetically confirm that the repro42 phenotype is caused by the previously identified T-to-A transversion in exon 8 of Spata22 (La Salle et al., 2012) .
Compound heterozygous (repro42/Spata22
Gt ) males and females appeared overtly normal and presented no obvious phenotypic aberrations aside from sterility (Table S3) .
Similarly to Spata22
Gt/Gt and repro42/repro42 males (Figs 1E and 3C), adult repro42/Spata22 Gt males had smaller testes, and histological evaluation of testis sections revealed an absence of certain spermatocytes, spermatids, and spermatozoa ( Fig. 3E ; (Fig. 4A,B) . However, completely individualized SCs were never observed in mutant spermatocytes or oocytes, suggesting that cells do not progress to pachynema. The labeling pattern of SYCP1 further supported this observation, revealing that formation of the SC and synapsis were indeed severely impaired (Fig. 4A,B) . A complete array of fully synapsed homologs was never observed in Spata22 (Fig. 4A) , longer continuous segments of SYCP1 were visible in mutant oocytes (Fig. 4B) .
Presence of DSBs and initiation of the cascade leading to their repair was also examined in Spata22
Gt/Gt germ cells using the phosphorylated form of histone H2AFX (commonly known as cH2AX). cH2AX accumulates at DSBs upon their induction at leptonema and gradually disappears as breaks are repaired during zygonema; in spermatocytes, it becomes restricted to the XY body at pachynema (Mahadevaiah et al., 2001) . While cH2AX became restricted to the XY body in wild-type pachytene spermatocytes, it persisted across the chromatin of Spata22 Gt/Gt spermatocytes as well as that of mutant oocytes (Fig. 4C,D) , confirming that DSBs were induced at the onset of meiosis but were not repaired before meiotic arrest. We also determined that MLH1 (Mlh1, mutL homolog 1), a protein involved in formation of crossovers between homologous chromosomes and usually expressed at pachynema (Baker et al., 1996; Edelmann et al., 1996) , could not be detected in mutant spermatocytes (Fig. 4E) . To confirm that meiotic arrest occurs prior to the mid-pachytene stage during spermatogenesis, we evaluated the presence of the mid-pachynema marker histone HIST1H1T (also known as H1t) in mutant spermatocytes (Drabent et al., 1993; Cobb et al., 1999; Inselman et al., 2003) . H1t was never detected in Spata22 Gt/Gt spermatocytes, confirming that arrest takes place prior to mid-pachynema in the male (Fig. 4F) . Absence of a cH2AX-positive domain indicative of the XY body in mutant spermatocytes further confirmed that mutant cells do not reach pachynema (Fig. 4C) . Taken together, these observations are consistent with a role for SPATA22 in synapsis and DNA repair in meiocytes of both sexes.
Recruitment of SPATA22 to meiotic chromosomes is prominent at zygonema
We previously showed that SPATA22 localizes to foci along meiotic chromosomes in mouse spermatocytes (Luo et al., 2013) . Although the spatiotemporal distribution pattern of SPATA22 was examined in rat spermatocytes (Ishishita et al., 2014) , it had not been defined in mouse germ cells. Because this is essential for inferring function, we further determined the localization dynamics of SPATA22 by immunolabeling spermatocyte and oocyte spread chromatin with an antibody against SPATA22. The labeling pattern of SYCP3 provided precise definition of the prophase I substage of each nucleus. In both spermatocytes and oocytes, SPATA22 localized to foci along axial and/ or lateral elements during leptonema, zygonema, and pachynema ( Fig. 5A-E and Figure S1 ). In spermatocytes, SPATA22 was absent in early leptotene nuclei but became detectable by late leptonema (Fig. 5A and Table 1) , and was present in foci arrays along SCs at zygonema and early pachynema (Fig. 5B-D) . Most SPATA22 foci disappeared by the late pachytene stage and could not be detected at the diplotene stage ( Fig. 5E and Table 1 ). The number of SPATA22 foci peaked at late zygonema (average of 134 AE 14 foci per cell), which was statistically different from the number of foci counted in early-to-mid zygotene spermatocytes (compared to 113 AE 20 foci, p < 0.001) ( Table 1 ). The overall distribution profile of SPATA22 in fetal oocytes was similar to that observed in spermatocytes, with SPATA22 foci most prominent at the zygotene stage ( Figure S1 and Table 1 ). However, the number of SPATA22 foci differed quite remarkably between oocytes and spermatocytes from leptonema to early-to-mid zygonema. Although more SPATA22 foci were detected in leptotene spermatocytes than in oocytes at the same stage (69 AE 11 foci in spermatocytes compared to 24 AE 8 foci in oocytes, p < 0.0001), the number of SPATA22 foci increased drastically in early-to-mid zygotene oocytes and was significantly higher than in spermatocytes at the same stage (234 AE 63 foci in oocytes compared to 113 AE 20 in spermatocytes, p < 0.0001). Interestingly, the number of foci in late zygotene oocytes decreased to levels comparable to those observed in late zygotene Figure 2 Loss of germ cells is caused by meiotic arrest prior to pachynema in Spata22 Gt/Gt testes. spermatocytes (148 AE 26 foci compared to 134 AE 14 foci in spermatocytes, p = 0.06). Overall, the focal distribution pattern of SPATA22 suggests that this protein is recruited to recombination intermediates during prophase I in both male and female germ cells.
SPATA22 co-localizes with meiotic recombination factors
Our characterization of the MEIOB-SPATA22-RPA complex in mouse meiotic germ cells and observations made in rat spermatocytes demonstrating co-localization of SPATA22 with proteins involved in meiotic recombination (Ishishita et al., 2014) prompted us to determine the temporal relationship between SPATA22 and various meiotic recombination factors. Spread chromatin from spermatocyte was thus sequentially immunolabeled with antibodies against SYCP3 (to define the prophase I substage), SPATA22, and either DMC1, RAD51, MEIOB, or MLH1 (Fig. 6A-F) .
Although SPATA22 and DMC1 were both localized to foci on meiotic chromosomes at early zygonema, there was little overlap between the localization patterns of these two proteins at this stage (Fig. 6A) . By the pachytene stage, DMC1 was no longer present in foci along meiotic chromosomes except along the X chromosome, including the partially synapsed region between sex chromosomes, where it co-localized with SPATA22 (Fig. 6B) . Similarly, overlap between the patterns of RAD51 and SPATA22 foci was only partial at zygonema (Fig. 6C) . Nonetheless, the two proteins appeared to co-localize by the pachytene stage, where most SPATA22-positive foci were also RAD51-positive (Fig. 6D) . As we previously observed, focal co-localization between MEIOB and SPATA22 was extensive in spermatocytes ( Fig. 6E ; Luo et al., 2013) . Interestingly, while most foci appeared to be both MEIOB and SPATA22 positive, there were foci that contained only one protein or the other. Finally, although SPATA22 and MLH1 were usually present in different foci along meiotic chromosomes at pachynema, they co-localized in~23% of foci ( Fig. 6F and Table 2 ).
We next verified that SPATA22 indeed localized to all chromosomes and was not excluded from sex chromosomes. To this end, we assessed the presence of SPATA22 in relation to cH2AX, which becomes restricted to the XY body in wild-type pachytene spermatocytes. As we observed with SPATA22 and DMC1 co-localization in pachytene spermatocytes (Fig. 6B) we found SPATA22 foci in the cH2AX-positive XY body, confirming that SPATA22 is indeed recruited to sex chromosomes (Fig. 6G) . To corroborate that SPATA22 is present until at least the mid-pachytene stage, we evaluated the presence of SPATA22 in conjunction with that of H1t, which becomes expressed by mid-pachynema in spermatocytes (Drabent et al., 1993; Cobb et al., 1999; Inselman et al., 2003) . H1t-positive pachytene spermatocytes could be classified into two groups with regard to SPATA22 expression. SPATA22 foci were visible in a subset of H1t-positive cells (Fig. 6H) , whereas other cells were devoid of SPATA22 despite being positive for H1t (Fig. 6I) , suggesting that SPATA22 persists until at least mid-pachynema but is removed from recombination intermediates shortly thereafter.
SPATA22 deficiency impairs the production and localization of MEIOB Characterization of Meiob-null spermatocytes previously demonstrated that SPATA22 localization and stability were dependent on the presence of MEIOB in germ cells, whereas localization of RPA was seemingly unaffected (Luo et al., 2013) . Similarly, MEIOB foci were absent in Spata22 repro42/repro42 spermatocytes. Analysis of spermatocytes isolated from the tremor rat model, which lacks a large (>200 kb) segment of rat chromosome 10 including the Spata22 gene, suggested that RPA localization was unaffected in these cells (Ishishita et al., 2014) , but this had not been verified in the mouse. We thus explored the distribution dynamics of the members of the MEIOB-SPATA22-RPA complex in spread chromatin prepared from wild-type and Spata22 Gt/Gt meiocytes. Both SPATA22 and MEIOB foci were visually undetectable in mutant spermatocytes and oocytes ( Fig. 7A-D) , whereas RPA foci were present along meiotic chromosomes in mutant cells of both sexes (Fig. 7E,F) . We next investigated if the production of MEIOB and RPA proteins was compromised in Spata22 Gt/Gt whole testis extracts ( Fig. 7G and Figure S2 ). The level of MEIOB protein was reduced by almost half in Spata22 Gt/Gt testis, but it was not completely absent, consistent with previous observations made in Spata22 repro42/repro42 testis extracts (Luo et al., 2013) . Both the native and phosphorylated forms of RPA1, one of the three subunit of the RPA heterotrimeric complex, were detected in mutant testis extracts at levels similar to the ones observed in wild-type and heterozygous testis extracts, suggesting that production and/or stability of RPA is not compromised in the absence of SPATA22. Figure 4 Synapsis and DNA repair are severely impaired in Spata22 Gt/Gt spermatocytes and oocytes. (A, B) Co-localization of SYCP1 (green) and SYCP3
(red) in wild-type (left) and Spata22 Gt/Gt (right) spermatocytes (A) and oocytes (B). The pattern of yellow color representing co-labeling with anti-SYCP1
and anti-SYCP3 represents the extent of synapsis (white arrows). (C, D) Detection of cH2AX (green) and SYCP3 (red) in wild-type (left) and Spata22 Finally, to gain further insight into the impact of Spata22 mutation on the meiotic process, we evaluated the expression of Dmc1, Rad51, Meiob, Rpa, Mlh1, Sycp1, and Sycp3 in RNA extracted from Spata22
Gt/Gt testes. These genes were chosen because their protein product co-localizes with SPATA22 ( Fig. 6 ) and/or a defect in their distribution was observed in SPATA22-deficient cells . Transcripts for all genes assessed were detected in mutant testis RNA at levels comparable to those observed in wild-type and heterozygous testes, suggesting no transcriptional inhibition in the absence of SPATA22 (Fig. 7H and Table S5 ). As localization of the CEassociated protein SYCP1 was greatly compromised in Spata22 Gt/Gt germ cells of both sexes, we also assessed the presence of SYCP1 in Spata22 Gt/Gt testis protein extracts. Consistent with our immunolocalization findings (Fig. 4A) , the levels of SYCP1 in mutant testis extracts were considerably reduced; they reached only~20% of those observed in wild-type and heterozygous testes. In contrast, DMC1 production was unaffected ( Fig. 7G and Figure S2 ).
DISCUSSION
Here, we characterized a novel null allele of the Spata22 gene, Spata22
Gt , which fails to complement our previously published Spata22 repro42 allele (La Salle et al., 2012) . In addition to demonstrating allelism, our data confirm that Spata22 is essential for germ cell development. As we previously reported in Spata22 repro42/repro42 mice, Spata22 Gt/Gt mice are infertile because of arrest of germ cell development prior to pachynema during prophase I of meiosis. Impaired synapsis and DSB repair in Spata22 Gt/Gt spermatocytes and oocytes demonstrate that SPATA22 is essential for meiotic progression in both sexes. Consistent with a role during prophase I of meiosis, SPATA22 localizes to foci along meiotic chromosomes predominantly at zygonema in meiocytes of both sexes, implying that SPATA22 acts during processing of DSBs during meiotic recombination. Assessment of protein complexes at recombination intermediates shows that SPATA22 co-localizes with DMC1, RAD51, MEIOB, and MLH1 to varying degrees, which further supports such a role. Our analysis of Spata22 Gt/Gt spermatocytes also corroborates that MEIOB localization requires SPATA22, whereas RPA localization does not, confirming that MEIOB and SPATA22 localization is interdependent. The Spata22 Gt allele thus provides a novel model to study SPATA22 function and requirement during gametogenesis. Concordance of the Spata22 expression profiles and mutant phenotypes of meiotic arrest in male and female gonads implies that SPATA22 belongs to a group of proteins contributing to a sexually conserved feature of meiosis in mammals (this study and Ishishita et al., 2013; La Salle et al., 2012) . Spata22
Gt/Gt meiocytes arrest during prophase I of meiosis at a stage resembling late zygonema. Although DSBs are induced normally in the absence of SPATA22, their persistence, as indicated by prolonged detection of cH2AX, suggests impeded DNA repair. The initial steps of meiotic recombination appear to take place normally, as RAD51 and RPA are both loaded at recombination nodules; however, crossovers never form in mutant spermatocytes Figure 5 SPATA22 localizes to foci along meiotic chromosomes. (A-E) Distribution of SPATA22 foci in spermatocytes during leptonema (A), early-to-mid zygonema (B), late zygonema (C), early-to-mid pachynema (D), and late pachynema (E). SPATA22 (green) localizes to foci along axial/lateral elements identified by the SC protein SYCP3 (red). The overlay (left), SPATA22 labeling only (middle), and SYCP3 labeling only (right) are presented for each substage. Information on number of nuclei analyzed at each stage and distribution range can be found in Table 1 (this study and (Ishishita et al., 2014; La Salle et al., 2012) ). Furthermore, despite the apparent normal elaboration of lateral elements, only short stretches of SYCP1 are observed, indicating that formation of the SC is also incomplete. Therefore, both synapsis and progression of meiotic recombination are impaired in Spata22 Gt/Gt meiocytes. Elimination of spermatocytes at stage 308 Andrology, 2017, 5, 299-312 IV and of oocytes shortly after birth supports the activation of a DNA damage-dependent response leading to elimination of germ cells upon abrogation of SPATA22 function Di Giacomo et al., 2005) . Mutations in other DNA repair genes, such as Atm (ataxia telangiectasia mutated), Dmc1, Msh4 (mutS homolog 4), and Msh5 (mutS homolog 5), hinder synapsis and progression through meiosis in both germ lines (Pittman et al., 1998; Yoshida et al., 1998; Edelmann et al., 1999; Kneitz et al., 2000; Di Giacomo et al., 2005) . For example, mice deficient in DMC1, a meiosis-specific RecA homolog which mediates homologous chromatid invasion following 3 0 to 5 0 resection of DSBs, are infertile and present a phenotype of meiotic arrest nearly identical to the one observed in both Spata22 repro42/repro42 and Spata22 Gt/Gt mice (Pittman et al., 1998; Yoshida et al., 1998) . Therefore, aberrant synapsis in Spata22 Gt/Gt meiocytes is likely the consequence of defective DNA repair. Still, the possible relationship between components of the SC and SPATA22 remains to be explored. Although limited synapsis is commonly observed when meiotic recombination is disrupted, the possibility that certain constituents of the SC and the recombination machinery may directly interact remains largely untested in mammals. Limited studies have reported interactions between RAD51 and SYCP1, as well as between RAD51 and the CE protein SYCE2 (Syce2, synaptonemal complex central element protein 2) (Tarsounas et al., 1999; Bolcun-Filas et al., 2009) . Exploring further the interdependency between the recombination machinery and the SC should delineate the network of interactions required to support both of these essential meiotic processes. Examination of SPATA22 distribution during prophase I of meiosis lends further support to a role for this protein in meiotic recombination. We, as well as others, previously showed that SPATA22 localizes to foci along meiotic chromosomes in mouse and rat spermatocytes (Luo et al., 2013; Ishishita et al., 2014) . Here, we found that SPATA22 foci are predominant at zygonema in both oocytes and spermatocytes, although SPATA22 first appears at late leptonema and persists until mid-pachynema. Overall, our findings are consistent with the observed distribution profile of SPATA22 in rat spermatocytes (Ishishita et al., 2014) . However, the number of foci recorded in rat spermatocytes, especially during zygonema, is consistently higher than we have found in mouse spermatocytes. Species-specific differences may well account for these discrepancies, as variations in the number of DSBs induced at the onset of meiosis have been reported among different inbred strains of male mice (Baier et al., 2014) . The time course and focal localization pattern noted for SPATA22 are consistent with those observed for recombination-related proteins involved in resolving DNA-DNA interactions prior to reciprocal recombination, such as RPA, MSH4, and BLM (Blm, Bloom syndrome, RecQ helicase-like) (Moens et al., 2002 (Moens et al., , 2007 . SPATA22 is likely recruited to recombination intermediates following DMC1 and RAD51, which are components of early nodules, as SPATA22 rarely co-localizes to the same sites as these proteins at zygonema. In accordance with progressive repair of DSBs as cells proceed through prophase I, the number of SPATA22 foci gradually decreases as cells reach pachynema. Interestingly, DMC1 and RAD51 both co-localize with SPATA22 along meiotic chromosomes at pachynema, suggesting that SPATA22 may interact with these proteins at this stage and/or participate in nucleofilament formation leading to strand invasion and resolution of recombination intermediates as previously proposed (Ishishita et al., 2014) . SPATA22 remains associated with meiotic chromosomes until at least the midpachytene stage, where it can be found with MLH1 in more than 20% of foci. Taken together, our results indicate that SPATA22 most likely functions at transitional nodules during meiotic recombination, prior to crossing-over (Moens et al., 2007) .
Unexpectedly, we found sexual dimorphism in the distribution of SPATA22 along chromosomal axes between male and female meiocytes. The average number of SPATA22 foci noted was significantly higher in oocytes than in spermatocytes by approximately twofold at early-to-mid zygonema. These findings concord with observations made in human meiocytes, whereby sex-specific differences in the number of RAD51 foci, used to estimate the number of SPO11-induced DSBs, are seen between spermatocytes and oocytes (Gruhn et al., 2013) . At leptonema, the mean number of RAD51 foci is significantly lower in male germ cells, with most spermatocytes exhibiting fewer than 200 RAD51 foci and almost all oocytes presenting more than 200 foci, providing evidence that there are more DSBs induced in oocytes than spermatocytes at the onset of meiosis in humans. Our results support a similar trend in the mouse, although SPATA22 presumably functions downstream of RAD51. The number of SPATA22 foci remains higher in oocytes until midpachynema; difficulties in precisely staging mid-to-late pachytene meiocytes most likely account for the trend reversal observed at this stage. Alternatively, temporal and quantitative differences in recruitment of SPATA22 to meiotic chromosomes may reflect variations in the mode of action of SPATA22 between sexes. However, this is unlikely as obvious sex-specific phenotypic differences have yet to be noted in either Spata22 repro42/repro42 or Spata22 Gt/Gt meiocytes (La Salle et al., 2012) .
Recently, we identified MEIOB as a meiosis-specific protein that associates with SPATA22 and RPA during prophase I in the mouse (Luo et al., 2013) . MEIOB binds single-stranded DNA, possesses 3 0 -5 0 exonuclease activity, and is thought to be involved in second homolog end processing during meiotic recombination in mammals. Meiob-and Spata22-null mice present with analogous phenotypes (La Salle et al., 2012; Luo et al., 2013; Souquet et al., 2013) . Meiob -/-mice are infertile because of meiotic arrest caused by aberrant DSB repair as well as asynapsis. Furthermore, both RPA and RAD51 are loaded normally on meiotic chromosomes but their removal is impaired, whereas MLH1 is never detected in mutant cells. Here, we confirmed that localization and stability of MEIOB and SPATA22 are indeed reciprocally interdependent, whereas RPA, the other member of the complex, persists along SCs and is thus stabilized in the absence of SPATA22, similarly to what we previously observed in Meiob-null spermatocytes (Luo et al., 2013) . The persistence of DSBs and severe synaptic defects triggered by inactivation of Spata22 and Meiob suggest that both of these proteins are normally required for proper progression through meiosis, most likely through their co-expression and interaction. Surprisingly, not all sites containing MEIOB include SPATA22 (and vice versa), raising the possibility that these proteins have other interacting partners and/or accomplish additional functions independent of their interaction. Our results certainly indicate that SPATA22 could interact with both RAD51 and DMC1 during prophase I. Observations made in the tremor rat model also suggest that SPATA22 could function in RAD54L (Rad54l, RAD54 like)-and RAD54B (Rad54b, RAD54 homolog B)-mediated heteroduplex formation and D-loop disruption by interacting with RPA, although this remains untested (Ishishita et al., 2014) . Despite conservation of the most prominent features of meiosis between yeast and mammals, many key steps of meiotic recombination remain poorly explained in mammals. The severe and profound meiotic defects observed in Spata22-deficient mice demonstrate that SPATA22 plays a crucial role during prophase I of meiosis. Our results indicate that SPATA22 is required for meiotic recombination following induction and initial processing of DSBs. Studies aimed at delineating the functional domains of SPATA22 and identifying additional interacting partners should provide insight into the mechanism of action of this meiotic recombination factor.
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